
XIM: virtual X-ray observations 
from hydrodynamic simulations

Figure 2: Left: 3D rendering of density from cluster simulation. Right: Spectral projection of 
the same cube along one axis, convolved with IXO’s spectral response. Shown is the 
energy range 6.2 - 6.8 keV at IXO’s 2.5 eV spectral and 5” spatial resolution.

Features of XIM:
XIM calculates the X-ray thermal spectrum from the output of hydro 
simulations of clusters and other thermal gases.

Input from hydro simulation: 3D-grid of density, temperature, line-
of-sight velocity, filling factor, metallicity

Parameters: cosmology, distance, Galactic absorption column, 
exposure time, output energy grid

Output: X-ray spectral cube at simulation resolution, spectral cube 
at telescope resolution, folded through telescope response, 
simulated observation, series of 

Physics / algorithms:

• Spectral projection along line of sight
• Non-relativistic Doppler shift
• Thermal plasma emission using APEC (Smith et al. 2001)
• Flux conservative regridding, logarithmic bilinear interpolation in 

energy and temperature
• Sub-grid turbulent broadening
• Real instrument response matrices for IXO, Con-X, Chandra, 

XEUS, reads FITS response files in OGIP CAL/GEN/92-002 
format.

• PSF idealized as energy independent Gaussian (version 1.0)
• Simple parallelization included for large grids

Simulated Chandra observations via MARX:

• XIM interfaces with MARX to create events files of virtual 
Chandra observations.

• MARX preforms a realistic ray-tracing through the telescope, 
including realistic PSF and response modeling.

• Blank sky background files added optionally (in preparation)

Availability: XIM is written in IDL and it is freely available at http://
www.astro.wisc.edu/~heinzs/XIM Please reference Heinz & Brüggen 
2009 or Brueggen et al. 2009 if you use the code.
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Abstract
The International X-ray Observatory (IXO) will open a new window 
into the study of AGN feedback in galaxy clusters. Its high spectral 
resolution and throughput will allow us, for the first time, to directly 
detect the large scale motions induced by expanding radio lobes/X-
ray cavities of powerful AGN (like Cygnus A), thereby calibrating their 
power without the need for additional hydrodynamic assumptions. 
Such a measurement will allow us to calibrate the AGN feedback 
efficiency in clusters. We present detailed numerical simulations of 
AGN feedback in clusters that verify IXO's ability to deliver on this 
promise. In order to accurately predict IXO's performance, we 
developed a simulator, called XIM, that is publicly available. XIM has 
two parts: It self-consistently calculates the thermal X-ray emission 
from a gas-dynamical simulation (taking data cubes of velocity, 
temperature, and density as input from any cosmological 
simulation). It then convolves the output spectro-image with the 
response functions for an X-ray telescope of choice, with an 
emphasis on IXO and Chandra. Its main purpose is for numerical 
simulators to easily and accurately predict the X-ray signal of a 
simulated cluster detected by different telescopes.

Feedback on cluster scales
• Cluster centers cool radiatively in a cooling time much shorter 

than a Hubble time.
• Chandra & XMM: Cluster cooling flow problem requires heating
• Jets from central black holes: prime candidate for energy source
• Heat transfer mechanism unclear.
• Feedback switch mechanism (regulation of cluster temperature) 

unclear.
• IXO will be able to make accurate measurements of many 

important physical parameters of black hole feedback 
(energetics, direct detection of plasma heating)

Radio galaxy dynamics: Shocks
• Radio galaxies drive shocks into the IGM
• Some shocks soften into sound waves (Perseus), but strong 

shocks persist (even though bubbles expand sub-sonically)
• Chandra has detected a number of shocks around radio glaxies: 

M87, Hydra A, MS 0635+74, Cygnus A, and others
• Unline buoyant bubbles, shocks can be timed accurately and 

give exact estimate of power and intermittency
• Shocks can also heat IGMFilaments, Bubbles, and Weak Shocks in M87 7

FIG. 7.— Images from the 3.5-7.5 keV energy band at different scales. We have excised the prominent point sources from this image my substituting a local
background. a) The 3.5 to 7.5 keV band image of the 9 ACIS-I pointings after background subtraction and “flat fielding”. The fine tracery seen in the soft band
image, Fig. 2 is replaced by a nearly azimuthally symmetric ring (identified by arrows) of outer radius ∼ 2.75′ (12.8 kpc). As discussed in the text (see also
Fig. 1), this hard ring, a map of the square of the pressure projected along the line of sight, is the characteristic signature of a shock driven by an outburst from the
central SMBH. b) The central region of the hard band image showing two additional regions of enhanced pressure. An inner egg-shaped region of radius∼ 0.6′

(outer edge marked with the lower arrow) with the narrow end of the “egg” aligned with the jet (barely visible in the image) was generated during the current
AGN outburst from M87’s SMBH. An earlier episode of activity is responsible for the 13 kpc shock. A second region of enhanced pressure has an outer edge of
∼ 1′ (marked with the upper arrow) may be a weak, secondary shock.

FIG. 8.— a) Image from 1.2-2.5 keV derived from 9 ACIS-I pointings after background subtraction and “flat fielding”. As noted in the text (see also Fig. 1),
this image shows the the density squared integrated along the line of sight. The pressure shock is seen along with the two prominent arms. Many features, labeled
in other images are seen including the outer cavity, sharp edge, eastern and southwestern arms labeled in Fig. 5a, b and the “bud” labeled in Fig. 6. We have
excised the prominent point sources from this image my substituting a local background. b) Central region of the 1.2-2.5keV band image. The two inner contours
(magenta) show the 6 cm VLA synchrotron emission which represents the inner cocoon (the “piston” of relativistic plasma that mediates the energy output of the
SMBH and drives the shocks into the atmosphere of M87). This outer contour is derived from the 0.6′ high pressure region seen in Fig. 7b and represents the
over-pressurized gas, that is being driven by the “piston” during the current outburst. The figure shows the cool rim (labeled “Cool Rim”) that almost completely
surrounds the over-pressurized region. The cool rim is gas that has been displaced by the piston as it has expanded into M87’s atmosphere. Also marked are the
bud (arrow denotes its outer cool shell) and the base of the southwestern arm.

then converted to electron densities using the Chandra spectral
response, evaluated for the spectrumwith a given temperature
and abundance of heavy elements (see the discussion of un-
certainties introduced by the assumption of fixed temperature
and abundance at the end of this section). The resulting emis-
sivity profiles for the northern wedge are shown in Fig. 9b.
We note that we are observing a disturbance in the gas that is
only approximately spherical. Hence, any shock features are
broadened by deviations from spherical symmetry.
We have used the deprojected emissivity profiles in the two

energy bands to derive the gas temperature profile. We ap-
plied the full Chandra response with all telescope and detec-
tor effects included (as enumerated above for correcting the
exposure maps) to thermal gas models. The resulting tem-
perature profile for the northern wedge is shown in Fig. 10.
In addition to the surface brightness profiles and deprojection
(Fig. 9a, b) for the northern wedge, we repeated the analysis
for the full 360◦ range of azimuths. The results for both az-
imuthal ranges, shown in Fig. 10, demonstrate a marked rise
in the gas temperature at ∼ 2.5′ radius. We note that there is

the northern radio ‘‘jet’’ suggests that cavity A may be prolate;
however, replacing the effective radius with the semiminor axis
in the model only shifts it a little closer to the plane of the AGN,
from 45 to 39 kpc. At a distance of 45 kpc, it makes an angle
of !60" to the plane of the sky, well within reasonable bounds.
However, the alignment of the inner radio lobes (cavities A and
B) in the plane of the sky suggests that they should make the same
angle to the plane of the sky. Since the other cavities allmake smaller
angles to the plane of the sky, cavityA appears to be the anomaly. Its
low decrement may be due to dense, cool gas lying over the
cavity. In any case, cavity A contributes little to the total energy.

By contrast, the deficit for cavity D is too large to be explained
by our model. Cavity D lies where the southern radio lobe ap-
pears to fold back on itself (Lane et al. 2004; see also Fig. 3), so
that our line of sight may be nearly tangent to the lobe axis there.
In that case, it would be reasonable to expect its central depth to

exceed 2reA. If true, the pV value quoted for cavity D in Table 1
may be an underestimate.

5. CAVITY AGES AND POWERS

Analogous to the well-known 1.4 GHz radio emission fill-
ing the innermost cavities, low-frequency radio observations of
Hydra A show that these large-scale cavities also contain relativ-
istic plasma, strongly suggesting a connection to the AGN located
in the nucleus of the central cD galaxy. This point is illustrated in
Figure 3, which overlays the 330MHzVLA image of Lane et al.
(2004) with the residual X-ray image shown in Figure 2. The
existence of multiple cavities implies that the central AGN is
periodically rejuvenated, producing a series of outbursts.
We can gauge the timescale over which this activity has oc-

curred by determining the ages of these cavities. Following the
discussion in Bı̂rzan et al. (2004) we have estimated the age of
each cavity in three ways. First, the age of the cavity was esti-
mated as the time required for it to reach its projected location
assuming it traveled at the sound speed. Alternatively, the age
was estimated as the time for the cavity to rise buoyantly to its
present location. Finally, the age was taken to be the refill time-
scale (McNamara et al. 2000; Nulsen et al. 2002). Each of these
timescales is tabulated in Table 1 along with the mean cavity age
hti for the three methods. Cavity ages based on the sound speed
typically yield the smallest timescales while refill timescales tend
to be the largest (see Bı̂rzan et al. 2004). We find mean ages
of !50 Myr for cavities A and B, consistent with Bı̂rzan et al.
(2004), and values ranging between!100 and 200 Myr for cav-
ities C and D. Cavity E could be up to almost 500 Myr old.
Combining the values of pV given in Table 1 with these age

estimates, we can calculate the mean instantaneous power of each
cavity as Pcav ¼ 4pV /hti. Here we have explicitly assumed the
cavity is filled predominantly with relativistic plasma, making its
enthalpy 4pV. The resulting values forPcav are presented inTable 1.
Equating Pcav with the output of the AGN, the data for the four
inner cavities imply that a pair of cavities is created in Hydra A
every!50Y100Myr for ameanAGNpower of 2 ; 1044 ergs s$1.
On the face of it, the larger, outermost cavities would seem to be
associated with an earlier, more energetic state of activity that
occurred 200Y500 Myr ago with an associated AGN power out-
put of !(6Y7) ; 1044 ergs s$1.

6. SHOCK-FRONT AGE AND POWER

By fitting simple shock models to the surface brightness dis-
continuity in Hydra A observed at!210 kpc, Nulsen et al. (2005b)

Fig. 3.—Composite color image of Hydra A that illustrates the close con-
nection between the observed, large X-ray cavity system (shown in blue) and the
low-frequency, 330 MHz radio emission (shown in green). The X-ray emission
corresponds to the residual image shown in Fig. 2. The 330 MHz radio data are
from Lane et al. (2004). The familiar 1.4 GHz VLA image of Hydra A is also
shown in the core in yellow.

TABLE 2

Cavity Decrements in Hydra A

Cavity

reff
a

( kpc)

R

( kpc) yb !yc
zd

(kpc)

zmin

(kpc)

zmax

(kpc)

arctan (z/R)

(deg)

A................................. 15.97 24.9 0.90 0.06 45 35 65 61

B................................. 16.06 25.5 0.67 0.04 19 15 22 37

C................................. 38.58 100.8 0.71 0.08 26 . . . 70 14

D................................. 24.62 59.3 0.59 0.05 . . . . . . . . . . . .
E ................................. 102.34 225.6 0.62 0.15 101 . . . 193 24

F ................................. 58.26 104.3 0.71 0.09 80 43 118 37

a For ellipsoidal cavities, the effective radius is taken to be reA ¼ (ab)1
=2, with values taken from Table 1.

b The cavity decrement as discussed in the text, expressed as the ratio of the surface brightness at the center of the cavity relative to the
underlying smooth surface brightness model, y ¼ Scav /Ssmo. Values less than 1 show decrements.

c Estimate of the 1 " error in the cavity decrement based on the width of the distribution of y-values asmeasured in a 500 radius, circular
aperture centered on the cavity center.

d Distance from the plane of the sky containing the AGN along the line of sight to the cluster.
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Figure 1: Images of shocks in M87 (Forman et al. 2007) and Hydra A (Wise et al. 2007)

IXO will be able to measure 
shock velocity in Cygnus A
Taylored 3D hydro simuation of Cygnus A (Heinz et al. 2006):

• Correct density and temperature of host clusters

• 1046 ergs/s jet supplied by central black hole

• “Observed” at correct red-shift to match observed size, yielding 
an age of 20 Myrs.

• Simulated Chandra image agrees to within a few percent in 
surface brightness with real Chandra observation

• Morphology of simulated X-ray and radio images in very good 
agreement with observations

Simulated 250 ksec IXO observation of Cygnus A:

• Cygnus A fits perfectly within IXO’s 32 pixel high density array

• Simulated IXO observation clearly resolves the approaching and 
receding walls of the shocked cavity

• “XIM/IXO” velocity = 650 km s-1, simulated velocity = 680 km s-1
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Figure 3: Simulated 250 ksec IXO exposure of Cygnus A. Shown is the X-ray spectrum 
around the Fe K-alpha line. Lhe emission lines come from from He and H-like iron (red-
shifted to Cyg A rest frame) for three different lines of sight through the source. The two 
spectra through the lobes (green and blue) clearly show the expanding shell at about 650 
km s-1. Inset shows the X-ray image of Cyg A in the 6-7 keV band as seen by IXO (dashed 
contour: field of view of IXO high density array)
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Figure 4: Detectability constraints for radio galaxy dynamics with IXO as a function of radio 
galaxy age and power for typical cluster parameters (beta profile with beta=0.5). Hatched 
area: Energy resolution limit (2.5 eV) for expansion velocity - below this line, even under the 
most optimistic circumstances, expansion cannot be measured. Dashed line: Expansion 
velocity of 300 km/s, comparable with the expected level turbulent broadening in clusters. 
Below this line, it will be difficult to measure expansion velocities. Solid lines: Distance in 
Mpc out to which IXO will be able to spatially resolve the radio galaxy.

Attend “The Monster’s Fiery Breath” conference in Madison, June 1-5 2009

Download scripts and responses @ http://www.astro.wisc.edu/~heinzs/XIM
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